Unraveling how regulatory divergence contributes to species differences and adaptation requires identifying functional variants from among millions of genetic differences. Analysis of allelic imbalance (AI) reveals functional genetic differences in cis regulation and has demonstrated differences in cis regulation within and between species. Regulatory mechanisms are often highly conserved, yet differences between species in gene expression are extensive. What evolutionary forces explain widespread divergence in cis regulation? AI was assessed in Drosophila melanogaster-Drosophila simulans hybrid female heads using RNA-seq technology. Mapping bias was virtually eliminated by using genotype-specific references. Allele representation in DNA sequencing was used as a prior in a novel Bayesian model for the estimation of AI in RNA. Cis regulatory divergence was common in the organs and tissues of the head with 41% of genes analyzed showing significant AI. Using existing population genomic data, the relationship between AI and patterns of sequence evolution was examined. Evidence of positive selection was found in 30% of cis regulatory divergent genes. Genes involved in defense, RNAi/RISC complex genes, and those that are sex regulated are enriched among adaptively evolving cis regulatory divergent genes. For genes in these groups, adaptive evolution may play a role in regulatory divergence between species. However, there is no evidence that adaptive evolution drives most of the cis regulatory divergence that is observed. The majority of genes showed patterns consistent with stabilizing selection and neutral evolutionary processes.
Introduction
Genetic differences which impact transcript abundance can arise from regulatory sequence variation occurring within regulatory regions of the gene itself (cis effects), in regulatory or coding regions of trans acting factors (trans effects), or through indirect or epistatic effects. Chromosome substitution, eQTL, and allele-specific expression (ASE) studies find abundant regulatory variation both in cis and in trans (Brem et al. 2002; Yan et al. 2002; Lo et al. 2003; Wittkopp et al. 2004; Kirst et al. 2005; Ronald et al. 2005; Hughes et al. 2006; Genissel et al. 2008; Guo et al. 2008; Lemos et al. 2008; Graze et al. 2009; Tirosh et al. 2009; Zhang and Borevitz 2009; McManus et al. 2010) . However, there is still debate over the relative contribution of causal genetic differences in cis or trans to variation in gene regulation, with more cis than trans observed in some experiments (Wittkopp et al. 2004) and more trans than cis observed in others (Brem et al. 2002) . This is likely fueled both by biological differences between model systems and by differences in analytical or experimental techniques (Genissel et al. 2008; Graze et al. 2009 ). Researchers have also used different definitions for cis and trans and the biological interpretation of cis and trans can differ between experimental designs (see for review, Rockman and Kruglyak 2006) . Regardless, between species studies have revealed widespread functional cis regulatory divergence in gene regulation with hundreds to thousands of cis acting variants identified.
Cis regulatory evolution has been associated with a significant number of trait differences that are hypothesized to be adaptive (see for review, Wray 2007) . Patterns of sequence evolution consistent with positive selection are correlated with overall expression divergence (the composite result of cis and trans effects), suggesting a general role for positive selection in regulatory divergence (Nuzhdin et al. 2004; Holloway et al. 2007 ). Alternatively, regulatory divergence may result primarily from neutral evolutionary processes (Gilad et al. 2006; Whitehead and Crawford 2006a) or as a by-product of adaptive evolution (i.e., through hitchhiking effects Smith and Haigh 1974) or compensatory fixations (True and Haag 2001) . Does widespread divergence in expression result from neutral evolutionary processes (Whitehead and Crawford 2006b) or is it a result of positive selection (Wray 2007; Fay and Wittkopp 2008) on regulatory sequence variants? Allelic imbalance (AI) occurs when there are differences in ASE for the two alleles in heterozygous individuals (Yan et al. 2002) . In Drosophila, there is no evidence for effects of genetic imprinting in adults (Wittkopp et al. 2006) . AI results from genetic differences in regulatory regions, directly identifying causal loci for cis effects (e.g., Yan et al. 2002; Lo et al. 2003; Wittkopp et al. 2004; Guo et al. 2008; Graze et al. 2009 ). In Drosophila and in yeast, a correspondence between overall nucleotide divergence in 5# cis regions and 3# UTRs and AI has been demonstrated (Tirosh et al. 2009; McManus et al. 2010) . If signatures of positive selection are identified in loci underlying expression divergence, expression variation resulting from cis regulatory divergence at these loci may be a consequence of adaptive evolution.
Using RNA-seq technology, a comprehensive assessment of cis regulatory divergence in interspecific hybrid female heads was conducted and patterns of sequence evolution ) within causal loci were examined. Genotype-specific references were shown to virtually eliminate the map bias plaguing this technology. A novel Bayesian model, which uses allele representation in F1 hybrid DNA sequence reads as a prior, was used to estimate allele frequencies in RNA sequences. Species differences in cis regulation were identified in 41% of assayed genes. Differences are primarily of small effect, consistent with stabilizing selection on expression combined with neutral evolutionary processes. However, evidence for positive selection is enriched in genes showing cis regulatory divergence. Intriguingly, as AI increases so does the proportion of genes showing positive selection. This suggests that recurrent positive selection may play a role in cis regulatory divergence of these genes.
Materials and Methods

Sample Preparation
Isogenic strains of D. simulans (C167.4; BDSC 4736) and D. melanogaster (Berlin; BDSC 8522) were crossed to produce F1 hybrid progeny. One to one and a half day old adults were flash frozen in synchronized batches. Three independent RNA replicates were formed from progeny collected from distinct sets of bottles. DNA was extracted from bodies of a single pool of 20 individuals. For each RNA extraction, heads were homogenized in 1 ml of Trizol (Invitrogen) and RNA was isolated according to the manufacturer's protocol. mRNA was purified from total RNA using oligo dT Dynabeads (Invitrogen). DNA was extracted using the MasterPure DNA purification kit (Epicentre). The Genomic DNA Clean and Concentrator kit (Zymo Research) was used to isolate only high molecular weight DNA, following the manufacturer's protocol. For additional details, see supplementary materials, Supplementary Material online.
Library Construction and Sequencing
For each RNA sample, 100 ng of purified mRNA was fragmented (Ambion Fragmentation buffer) and concentrated to 10 ll in DEPC H 2 O (Zymo Research RNA concentrator kit). First-and second-strand cDNA synthesis were carried out using Random Hexamer Primers (3 lg/ll, Invitrogen) following standard molecular biology protocols (Chang et al. 2011) . Double-stranded cDNA was purified and concentrated to 10 ll (Zymo Research DNA Concentrator kit). Libraries were constructed using reagents from the End-IT Repair kit (Epicentre), Fast-Link DNA Ligation Kit (Epicenter), Illumina Genomic DNA Sample Prep Kit (part # 1000181), addition of an A base (Klenow 3#/5# exonuclease, NEB) and Zymo Research DNA Concentrator kits. In brief, samples were processed to produce 5#-phosphorylated, bluntended DNA followed by 3#-A overhang addition. Illumina genomic DNA adaptors (1 ll adaptor oligo mix 10 mM) were ligated to cDNA fragments and processed cDNA was size selected (200-500 bp) by gel purification. Cleaned, concentrated, size-selected templates were polymerase chain reaction enriched for adaptor-modified cDNA following the Illumina Genomic DNA Sample Prep protocol. For the gDNA sample, approximately 1 lg of gDNA was fragmented (standard probe sonicator, Duty Cycle 80%, Output 2, sets of 20 pulses for five rounds) and concentrated using the Zymo Research DNA Concentrator kit (10 ll). Library construction was completed as described for cDNA libraries starting after cDNA synthesis (2 ll adaptor oligo mix was used for gDNA samples).
RNA and DNA derived libraries were quantified by Qubit (Invitrogen). The three cDNA libraries were sequenced on three lanes (one lane per biological replicate) with 54-bp paired end chemistry using Illumina technology. The gDNA library was sequenced on three lanes (one lane per technical replicate) using 36-bp paired end chemistry. RNA sequencing data are available from the Gene Expression Omnibus database (GEO accession number GSE34591). DNA sequencing data are available from the NCBI Short Read Archive (SRA accession number SRA048616).
Read Mapping and Annotation
Map bias (Degner et al. 2009; Kim and Bartel 2009; ) can lead to false positives (i.e., inferences of cis regulatory differences where none exist). Different analytical methods can vary in the degree and direction of map bias as a result of the alignment algorithm, sequencing error rates and read length (Degner et al. 2009 ). Genotype-specific references were created for D. melanogaster Berlin and D. simulans C167.4, the two parental genotypes used in this study. Exonic regions (D. melanogaster R5.26 gene models, supplementary data set S1, Supplementary Material online) excised from the D. melanogaster build five syntenic assembly and from the Drosophila Population Genomics Project (DPGP) syntenic assembly ) provided an initial reference set. RNA-seq data from D. melanogaster Berlin (Chang et al. 2011 ) was aligned to the D. melanogaster reference, whereas RNA-seq data from D. simulans C167.4 ) was aligned to the D. simulans reference. Reads were aligned using Bowtie (Langmead et al. 2009 ) and Last (Frith et al. 2010) . Polymorphisms were identified for each genotype separately and the exonic sequence was updated from these alignments. The process was repeated recursively until few additional polymorphisms were identified. The resulting reference set of exonic sequence for D. melanogaster Berlin and D. simulans C167.4 were annotated for TEs and repeats using RepeatMasker (Smit et al. 1996) . Details are provided Graze et al. · doi:10.1093/molbev/msr318 MBE in the supplementary materials, Supplementary Material online.
For ;10% of exons, genome positions overlapped (e.g., due to alternative transcript initiation sites). The unique genomic positions corresponding to the minimum start and maximum end positions were used in these cases (see supplementary materials, Supplementary Material online) and are referred to as exons throughout the text. Results are reported for 60,028 exons total. Each exon was classified as common or alternative. Exons were classified as common if they were present in all transcript isoforms and alternative if present in some, but not all, isoforms. Genome regions with gene overlaps were annotated and are described and modeled separately (see supplementary materials, Supplementary Material online).
Reads from each sample were mapped to initial species references (D. melanogaster and D. simulans) and to the updated genotype-specific references (Berlin and C167.4) using Bowtie (Langmead et al. 2009 ) and TopHat ). Reads were assigned to an allele based upon the highest quality alignment. Reads mapping equally well to both species references or both genotype-specific references were assigned to a ''both'' category.
Alignment to genotype-specific references virtually eliminates map bias. The distribution of allele bias (ln[C m /C s ], see supplementary materials, Supplementary Material online) for each exon was examined for both initial and updated references (supplementary fig. S1 , Supplementary Material online). When F1 hybrid reads (for RNA and DNA) were mapped to initial species reference genome sequences the median allelic bias for genomic DNA sequences was 0.22, whereas the median allele bias for genotype-specific (updated) references was 0.0035. The median allele bias for RNA sequences was 0.29 for the initial references, whereas the median allele bias using genotype-specific references was reduced to 0.054. The inclusion of inexact matches did not increase allele bias (see supplementary table S1, Supplementary Material online). Mitochondrial reads were used to measure error in read assignment (following McManus et al. 2010) . Mapping to the initial species references produces an incorrect allele assignment 2.1%/3.5% (RNA/DNA) of the time (see supplementary table S2a, Supplementary Material online). When genotype-specific references were used, the percent of RNA (DNA) mitochondrial reads assigned erroneously was 0.09% for RNA and 0.45% for DNA (supplementary table S2b, Supplementary Material online).
Exon Detection
Expression of a given exon was considered detected if the average coverage in RNA samples was greater than 0 for all replicates and greater than five for at least 2 of the 3 replicates (in alignments to either genotypespecific reference). The power to detect AI is dependent on the number of allele-specific reads (Fontanillas et al. 2010 ). For analysis of AI, only detected exons with greater than 100 allele-specific reads in both RNA and DNA were retained in the analysis, corresponding to an estimated statistical power of 0.9 when alleles are biased 2-fold (Fontanillas et al. 2010 ). There was insufficient coverage to analyze junction reads in an allele-specific manner.
Statistical Analysis
Possible sources of bias in the DNA that would be expected to result in bias toward one allele or the other include both sequence bias from the technology and structural variation. DNA from the F1 hybrid genotype was sequenced as a control for these sources of bias in estimates of AI. The Bayesian framework allows the use of these controls as a prior, and the resulting estimates of the AI are adjusted for bias in the DNA allowing a direct interpretation of these estimates. The Bayesian framework has another advantage in this context. Although a generalized linear model based upon a Poisson model or negative binomial model assumes that the number of reads sampled is fixed, the Bayesian model assumes the number of reads sampled is random. Since the number of reads allocated to each exon/allele is not fixed by design, rather sampled from a pool of mRNA, this model more accurately reflects the underlying process. The Bayesian model-based parameter for the allele M (D. melanogaster) in RNA is 1 À h. Let X i 5 number of M reads in the RNA; l i 5 number of S (D. simulans) reads in the RNA; Y i Ã 5 number of M reads in the DNA, K i Ã 5 number of S reads in the DNA. Where, i 5 1, 2, . . . , l and i* 5 1, 2, . . . , l*. Here, l and l* are the number of replicates of the RNA and DNA, respectively.
For the RNA, Here, X (the number of M reads) is the number of ''failures'' before the first l ''successes'' and h is the success rate (the frequency of the allele S). The RNA and DNA models are connected by the parameter p, the probability of sequencing and mapping the allele S in the DNA sample. In the DNA model, p is a parameter to be estimated. In the RNA model, p is a hyperparameter. The expectation in a heterozygous DNA sample is p 5 0.5. When p is greater than 0.5 in the DNA there is a bias toward the S allele. The distribution for the RNA S allele frequency (h) in the model is then centered at 1 À p, to correct for this bias. The estimate for the RNA can be interpreted directly relative to the expected fraction of 0.5. Importantly, the number of counts is random. The final inference for the RNA M allele frequency is based upon the 95% credible interval associated with 1 À h and is calculated using Markov chain Monte Carlo methods (Robert and Casella 2004) . Details of Allelic Imbalance: Exons, Isoforms, and Evolution · doi:10.1093/molbev/msr318 MBE the model specification and the hyperparameter values (i.e., t, v, a k , b k, a d , and b d ) are given in the supplementary materials, Supplementary Material online.
AI in alternative exons was compared with AI in common exons in order to identify differences in isoform usage between the species. There were 623 genes, with common and alternative exons, that were tested for differences in AI using the linear model,
Here, G ijkl is the proportion of allele-specific reads. E denotes the exon (i 5 common, A 1 , . . . , A n ); N denotes the nucleic acid (j 5 DNA, RNA); and a denotes the allele (k 5 D. melanogaster, D. simulans). All common exons (C) were combined to estimate the average AI for that gene and compared with each alternative exon (A) using the contrast
. Allele-specific alignments were also examined manually using custom tracks visualized in the UCSC Genome Browser (Kent et al. 2002) and D. melanogaster BDGP R5. Note that the evidence for differential regulation of isoforms is clearest when there are more exons that can be measured.
The relationship between patterns of molecular evolution consistent with positive selection and cis regulatory divergence was examined using polarized (D. simulans lineage) McDonald-Kreitman (MK) tests (McDonald and Kreitman 1991) from Begun et al. (2007) as the criteria for identifying regions with evidence for selection (with cutoff P , 0.05). Begun et al. (2007) constructed MK tests separately for CDS, introns, 5# UTRs, 3# UTRs, intergenic regions 5# of the focal gene, and intergenic regions 3# of the focal gene. MK tests for noncoding sequences constructed by Begun et al. (2007) are analogous to the traditional MK test. Polymorphism and fixations in the focal region (introns, 5# UTRs, 3# UTRs, intergenic regions 5# of the focal gene, and intergenic regions 3#) were the putatively functional sites (analogous to nonsynonymous sites). Synonymous polymorphism and fixations in the coding regions of the associated gene, for introns and UTRs, or nearest genes, for intergenic regions were used as the putatively neutral sites (for additional details, see Begun et al. 2007) . Note that there are a number of limitations of these types of tests which can result in Type I or Type II error and some debate about the conditions under which a significant MK test may be interpreted as evidence for positive selection (Eyre-Walker 2002; Andolfatto 2005 Andolfatto , 2008 Begun et al. 2007; Hughes 2007; Haddrill et al. 2008; Parsch et al. 2009 ). Although Type I or Type II error in inferences of positive selection may inflate or deflate the marginal proportion of genes with significant tests for positive selection, the test of association compares the frequency of positive selection between the two groups (significant/not significant) resulting from the test for AI. There is no reason to suppose that inflation or deflation of the proportion of tests significant for positive selection will affect the association between signatures of selection and AI.
Adaptive evolution was inferred when the proportion of substitutions that were nonsynonymous was greater than the proportion of polymorphisms that were nonsynonymous using the direction of selection (DoS) statistic (Stoletzki and Eyre-Walker 2011 
. Indicator flags were constructed from the tests for each gene region (CDS, introns, 5# UTRs, 3# UTRs, intergenic regions 5# of the focal gene, and intergenic regions 3# of the focal gene). A single indicator variable (0, no evidence for positive selection; 1, at least one significant MK test with DoS . 0) was also compiled from this data. The 5# and 3# intergenic regions were considered with respect to a focal genes position rather than the original organization of the data on the basis of 5# and 3# flanking genes. Genes with AI were examined for enrichment of evidence for positive selection for individual MK tests and for the composite indicator (one-tailed Fisher's exact test).
The enrichment of GO categories was also examined using Fisher's exact test (Mootha et al. 2003; Rivals et al. 2007 ). Enrichment was tested for the general test of AI, for bias toward the D. melanogaster allele, bias toward the D. simulans allele and for genes with significant differences in AI between common and alternative exons. Individual GO categories were combined to investigate if broader functional groups were overrepresented among cis regulatory divergent genes with evidence for selection. Five of these categories correspond to those examined previously (see Graze et al. 2009 
Results
A large number of the total reads (64%) in RNA samples mapped unambiguously, in either reference, to annotated exons (table 1) . There were 47,912 (54,842) exons with at least one read aligned in RNA (DNA) from the Berlin parent and 46,831 (54,250) exons with at least one read from the c167.4 parent. Allele-specific reads accounted for 71% of a Reads aligning to exons in nuclear genes are reported for each of the updated reference genomes (in millions). b Reads that align better to one parent are assigned to that parent, whereas reads aligning equally well to both parental references are considered conserved. c The distribution of the coverage (average reads per base pair) across these exons is reported for both Berlin and C167.4. Allelic Imbalance: Exons, Isoforms, and Evolution · doi:10.1093/molbev/msr318 MBE in the direction of bias. Patterns of bias were also examined excluding exons containing TEs or repeats. When exons containing repeats are excluded from the analysis, inferences do not change. Among genes previously identified as differentially expressed between D. melanogaster and D. simulans in adult female heads (Graze et al. 2009 ), more than 75% showed evidence of AI in this study (e.g., AGO2, Obp49A). This confirms that cis regulatory differences are disproportionately observed among differentially expressed genes. Allele-specific alignments for a selection of genes with significant AI, which also show differential expression between these species, are shown in figure 3A-C. Significant AI is skewed toward increased expression of the D. melanogaster allele. There were 6,369 genes (and 1,146 unique regions corresponding to overlapping gene models) that were assayed. The number of genes with AI biased toward the D. melanogaster allele was twice that of those with AI biased toward D. simulans. This pattern is also observed when only exact matches are considered and is not associated with the update status of reference exons. Technical bias is unlikely as the number of reads assigned to D. melanogaster is approximately equal to the number assigned to D. simulans in DNA alignment. Only in RNA alignments is there an excess of D. melanogaster-specific reads (table 2). It is improbable that the skew results from bias in the alignments because alignment error would impact both RNA and DNA alignments (also see, Fontanillas et al. 2010 ).
Allelic Imbalance and Alternative Isoforms
Given the paucity of information on expression divergence for multitranscript genes, this study was designed to   FIG. 3. (A-C) . Allele-specific alignments. Allele-specific read alignments showing the mean coverage for Drosophila melanogaster reads (red) and D. simulans reads (blue) per exon in (A) Ugt-35b, (B) Hexo1, (C) Iris. Custom wiggle tracks for reads separated by allele assignment were visualized using the UCSC Genome Browser (Kent et al. 2002) . Wiggle tracks for publication including overlays and gene models (Flybase 5.26 annotations) were created using R (R Development Core Team 2011). Gene models are from the FlyBase Protein-Coding Genes track (R5.12). The genome version is D. melanogaster April 2006 BDGP R5/dm3 assembly. Graze et al. · doi:10.1093/molbev/msr318 MBE encompass multiple levels at which evolution of expression can occur, allowing for both gene level and isoform level inferences. Overall, 623 genes with significant AI could be tested for species differences in isoform regulation (having both constitutive and alternative exons), and 232 of these showed significant differences in AI among exons. For the 374 genes with evidence of bias toward the D. melanogaster allele, ;31% showed evidence for differences in AI among exons (table 3) . Of the 143 genes with evidence of bias toward the D. simulans allele, ;36% showed evidence of significant differences in AI among exons. For 106 of the genes in the isoform analysis, the direction of AI was mixed (table 3) . Of these, 62% (n 5 65) showed significant differences in AI between exons.
Understanding regulatory divergence at the isoform level is important because these genes are a fundamental component of the biology of sexual dimorphism (Siwicki and Kravitz 2009) , immune response (Lemaitre and Hoffmann 2007) , and neurological development and function (Li et al. 2007 ). In these processes, splicing cascades and isoform diversity are important both during development and in the adult fly. Isoform-specific regulatory differences were identified in genes related to these functions (supplementary fig. S2 , Supplementary Material online), for example, Jupiter, unc-13, and Doa are sex specifically spliced (McIntyre et al. 2006; Rabinow and Samson 2010) and Doa is itself thought to play a role in the regulation of sexual dimorphism (Rabinow and Samson 2010) .
The Association of AI with Selection in the D. simulans Lineage To test the hypothesis that positive selection drives fixations which result in cis divergence, the correspondence of significant AI and evidence for recurrent positive selection was examined. Positive selection was identified by a significant MK test and positive DoS statistic. Evidence for selection is associated with AI ( fig. 4 ; P 5 0.0468). Thirty percent of genes with modest AI (n 5 4,415) show evidence of positive selection, whereas 37% of genes with prominent AI (n 5 160) and 40% of genes with extreme AI (n 5 16) show sequence evolution consistent with positive selection. As the magnitude of AI increases, so does the prevalence of positive selection (P 5 0.0348; CochranArmitage trend test). Although there are relatively few genes with pronounced or extreme AI, it is intriguing that recurrent adaptive evolution may be associated with larger functional effects of divergence on cis regulation. The amount of sequence divergence in a given gene region is related to AI in these data. Genes with prominent or extreme AI tend to show larger average divergence than genes with moderate or no AI. However, the level of divergence does not affect the association test results (for additional details, see supplementary materials, Supplementary Material online).
Associations between AI and positive selection were also significant for individual categories of MK tests ( fig. 4 and supplementary table S3, Supplementary Material online). Genes with bias toward the D. melanogaster allele and genes with bias toward the D. simulans allele were considered separately. Genes with bias toward the D. melanogaster allele were enriched for selection in coding regions (P 5 0.043) and in the 5# UTR (P 5 0.017). Genes with bias toward the D. simulans allele showed a similar trend for association of AI with positive selection in the CDS but were not significantly enriched for any of the individual categories. This is likely due to differences in the number of D. melanogaster and D. simulans biased genes. Genes identified as showing evidence for species differences in isoform regulation were also examined for association with positive selection. The cell numbers in the respective contingency tables were low, and unsurprisingly, no significant associations were observed.
Note that the associations observed may not result from direct selection on regulatory regions. Rather, these associations may be caused by indirect effects of selection due to linkage (e.g., hitchhiking) or result from unknown genomic factors which cross-correlate with both AI and evidence for positive selection.
Functional Enrichments for cis Regulatory Divergent Genes
Gene ontology enrichment analysis (Mootha et al. 2003; Rivals et al. 2007 ) was conducted between significance of overall AI, bias toward the D. melanogaster allele, and bias toward the D. simulans allele and ontology categories (Fisher's exact test; supplementary data set S4, Supplementary Material online). Overrepresented categories were predominantly specific to the direction of AI. For example, H3-K9 methyltransferase activity and RNA-induced silencing complex GO terms were enriched among those genes biased toward expression of the D. melanogaster allele. Sensory perception of chemical stimulus and H3-K4 methyltransferase activity GO terms were enriched only among those with bias toward the D. simulans allele.
A common approach to understanding the potential biological implications of expression divergence is to examine enrichments of functional categories among divergent genes. To understand whether these enrichment patterns are influenced by adaptive evolution, gene ontology (106) a The number of genes showing significant differences in AI across exons at a false discovery rate level of 0.1 (total number of genes tested in that category). b Genes for which all exons show significant evidence of AI toward the Berlin allele. c Genes for which all exons show significant evidence of AI toward the c167.4 allele. d Genes where some exons are significantly biased, and others are not significantly biased, are classified as partial. e Genes where the direction of AI varies between exons are classified as mixed.
Allelic Imbalance: Exons, Isoforms, and Evolution · doi:10.1093/molbev/msr318 MBE enrichment was also examined among AI genes with evidence for adaptive evolution (supplementary data set S5, Supplementary Material online). A number of individual GO categories that were overrepresented among these genes belong to functional categories previously identified as enriched among genes with species differences in expression (Graze et al. 2009 ). Testing for enrichment of these groups (and two additional groups for which multiple individual GO categories were identified) showed that genes with roles in defense/immunity (defense), RNAi/RISC complex, and those regulated downstream of the sex determination hierarchy (sex regulated) are significantly overrepresented among genes showing evidence of both AI and selection (table 4) . When possible, enrichments among AI genes with evidence for adaptive evolution were examined for each MK test type individually (CDS, intron, 5#UTR, 3#UTR, 5# intergenic, and 3# intergenic regions). AI genes with evidence of adaptive evolution in 5# intergenic (P 5 0.0077) and 3# intergenic regions (P 5 0.0446) were significantly enriched for functions in defense (fig. 4) . . AI is associated with significant MK tests (positive DoS) overall (P 5 0.0468), in the CDS (P 5 0.0188) and in the 5# UTR (P 5 0.0133). The percent of genes with significant MK tests (positive DoS) and AI is 30.6% (29.7% expected) overall, 17.4% in the CDS (15.9% exp.), and 14.3% in the 5# UTR (12.0% exp.). Genes with D. melanogaster-biased AI are enriched in the CDS (P 5 0.043) and the 5# UTR (P 5 0.017). The percent of genes with significant MK tests (positive DoS only) and Drosophila melanogasterbiased AI is 17.7% in the CDS (15.8% exp.) and 15.5% in the 5# UTR (12.4% exp.). The percentage of AI genes with significant MK tests and positive DoS is also shown for Defense (E) and sex-regulated (F) genes. Defense genes are enriched among AI genes with significant MK tests (positive DoS only) overall (P 5 0.0039), and for 5# (P 5 0.0077) and 3# (P 5 0.0446) intergenic regions. The percent of adaptively evolving genes with AI that are classified as Defense is 12.4% (9.7% exp.) overall, 14.5% (10.5% exp.) for 5# and 13.4% (10.3% exp.) for 3# intergenic regions. Graze et al. · doi:10.1093/molbev/msr318 
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Discussion
Is there a general role for adaptive evolution in cis regulatory divergence? Studies which have examined the evolution of gene expression have concluded that the expression of most genes is subject to stabilizing selection, with fewer genes showing evidence of relaxed selection or positive selection (Rifkin et al. 2003; Lemos et al. 2005) . This raises the question of whether cis regulation in female heads is mostly conserved and whether differences that are observed result from neutral evolutionary processes. For ;70% of genes with AI, no evidence of positive selection was found; suggesting that neutral evolution constrained by modest stabilizing selection (Whitehead and Crawford 2006a) explains most cis regulatory evolution in these tissues. Overall, the results are consistent with the expectation that most cis divergence does not result from positive selection.
Is there any role for positive selection in regulatory evolution? Cis regulatory divergence was observed in multiple genes involved in the basal machinery of regulation, in direct contrast to common molecular models of conservation of regulatory mechanisms. A number of core regulatory genes show quantitative cis regulatory divergence (e.g., AGO1, eiF4G, Cbp20, and Cbp80). In some cases, these genes also show signatures of positive selection. For example, Cbp20 is a component of the RNA cap binding complex and is structurally conserved, showing 75% protein sequence conservation between human and Drosophila (Visa et al. 1996) . Together with its cofactor Cbp80, Cbp20 has been implicated as a component of the siRNA and miRNA production pathways (Sabin et al. 2009 ). Both of these genes show signatures of positive selection within the flanking 5# intergenic regions. The three elements of global regulation that showed the largest numbers of cis divergent genes (supplementary data sets S4 and S5, Supplementary Material online), RNAi (esiRNAs/siRNA/miRNA)-mediated regulation, chromatin conformation, and splicing can be functionally intertwined (Kavi et al. 2008; Sabin et al. 2009 ). A subset of these genes, primarily those involved in RISC-based silencing and splicing, are diverging as a result of positive selection (supplementary data set S4, Supplementary Material online). Positive selection may act on core genes as a result of their role in TE suppression or in host defense (e.g., AGO2, Obbard et al. 2011) . Adaptive substitutions may have pleiotropic effects on their role as basal components of gene regulation, potentially resulting in compensatory fixations at interacting loci. It may be that the cis regulatory divergence in these regulatory genes is part of a common coevolutionary process (Kopp and McIntyre 2010) , which is driven, in part, by adaptive evolution in a subset of these genes.
Coevolution between Drosophila and its pathogens is expected to result in adaptive evolution of defense genes. The protein-coding regions of defense/immunity genes evolve rapidly and show evidence of adaptive evolution (Sackton et al. 2007; Lazzaro 2008; Obbard et al. 2009 ). Defense genes are enriched among genes with additive variation for expression within species and among genes with overall expression differences between species (Graze et al. 2009; Wayne et al. 2011) . In this study, defense genes are enriched among allele imbalanced genes that show evidence of positive selection in 5# and 3# intergenic regions. Collectively, these results indicate that cis regulation of defense genes may be evolving in response to coevolutionary processes. In contrast, genes with roles in olfaction were not enriched among genes with AI nor among AI genes with signatures of selection. This suggests that the enrichment for olfaction genes observed for overall expression divergence (Graze et al. 2009 ) does not arise from positive selection on cis regulation of olfactory genes.
Are there general patterns in AI that may reveal regulatory differences between species? There is a skew toward the D. melanogaster allele that could reflect species differences in regulation. Comparisons of overall expression between D. melanogaster and D. simulans or between D. melanogaster and D. sechellia also show a bias toward increased expression in D. melanogaster (Graze et al. 2009; McManus et al. 2010) . A shift in the balance of regulatory mechanisms that favors cis upregulation of the D. melanogaster allele or cis by trans interactions involving common cis regulatory motifs may explain this result. Chromatin conformation or nuclear-cytoplasmic interactions are possible causes of an excess of D. melanogaster allele reads (Fontanillas et al. 2010) . Although technical sources of bias cannot be entirely ruled out, there are intriguing clues that could indicate differences in chromosomal biology between these species. For example, chromatin staining patterns and intensities can differ between these species during some stages of the cell cycle, D. simulans has very little inversion polymorphism and a reduced number of induced inversions in artificial mutation experiments, and Allelic Imbalance: Exons, Isoforms, and Evolution · doi:10.1093/molbev/msr318 MBE average recombination rates and suppression of recombination in centromeric regions are different (True et al. 1996; Aulard et al. 2004) . In this study, significant AI was observed in H3-K9 and H3-K4 methyltransferase genes, as well as other regulatory genes, that could potentially impact chromatin conformation (supplementary data sets S2, S4, S5, Supplementary Material online). Transcription factor binding sites and promoter regions have been a natural focus in studies of cis regulatory evolution (Wray et al. 2003; Landry et al. 2007; Wittkopp 2010) . Differences between tests for different gene regions may result from differences in power and not differences in the strength or prevalence of positive selection ). However, the association between cis regulatory differences and selection was significant only for genes with evidence of selection in coding regions and in the 5# UTR (supplementary table S3, Supplementary Material online). Although perhaps unintuitive, the association between divergence in coding regions and divergence for expression is robust and has been observed for different model systems and using different analytical techniques (e.g., Castillo-Davis et al. 2004; Nuzhdin et al. 2004; Holloway et al. 2007; Tirosh et al. 2009 ). It is possible that the relationship between transcript abundance, protein abundance, and protein activity drives coordinate evolution of regulation and structure.
The MK and related group of tests assess long-term effects of directional selection, by summing multiple recurrent substitutions. The AI assay evaluates extant regulation and misregulation of genes, by comparing closely related species and their hybrids. Here, for the first time, these two sources of evolutionary inference are connected. Intriguingly, as AI increases so does the proportion of genes under selection. It may be that stronger bias requires accumulation of a larger number of regulatory mutations. Furthermore, the effects of these mutations must be codirected, hinting that the direction of the selection on upregulation or downregulation is consistent over long evolutionary time periods. This is akin to Orr's test based on codirection of quantitative trait locus effects between two species, as proving lineage-specific phenotypic evolution under directional selection (Orr 1998) . In summary, for both significant CDS MK tests and strong AI, multiple codirected substitutions are required, some of them affecting protein function (MK tests) and others affecting regulation (AI). The concordance between MK tests and AI hints that natural selection may be involved in associating protein and regulatory evolution.
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